Background: Long non-coding RNAs function as competing endogenous RNAs (ceRNAs). Whether growth arrest-specific transcript 5 (GAS5) acts as a ceRNA for microRNA-222 in liver fibrosis remains undefined. Results: GAS5 increases p27 expression as a ceRNA for microRNA-222, thereby inhibiting liver fibrosis progression. Conclusion: The GAS5/microRNA-222/p27 axis underlies the pathogenesis of liver fibrosis. Significance: The ceRNA network helps to understand liver fibrogenesis.
Liver fibrosis, characterized by abundant deposition of extracellular matrix and distortion of normal liver architecture, is the common outcome of many chronic liver diseases. The activation of hepatic stellate cells (HSCs) 3 is generally considered to be a pivotal step in the initiation, as well as the progression, of liver fibrosis (1) . Therefore, the inhibition of HSC activation is regarded as a potential therapeutic target for liver fibrosis.
Over the past decade, high throughput transcriptome analysis has revealed that about 90% of the human genome is actively transcribed with protein-coding genes accounting for only around 2% of the human genome (2) . Therefore, plentiful noncoding RNAs are transcribed from the genome. Among these non-coding RNAs are siRNAs, microRNAs (miRNAs), small nucleolar RNAs, PIWI (P-element-induced wimpy testis)-interacting RNAs, natural antisense transcripts, and long noncoding RNAs (lncRNAs). miRNAs are short RNA sequences that negatively manipulate gene expression by pairing with partially or fully complementary target sequences in the 3Ј-UTRs of mRNAs to prohibit translation or accelerate degradation. miRNAs are involved in various biological processes, such as cell proliferation, development, differentiation, and metabo-lism (3, 4) . Dysregulated miRNA expression has been linked to progression of liver fibrosis (5) . It has been reported that microRNA-21 (miR-21), miR-222, miR-221, miR-199a, and miR-17-5p are up-regulated upon HSC activation (6 -9) . In contrast, miR-19b, miR-15b, miR-16, miR-150, and miR-29a/b expression levels decrease during the progression of liver fibrosis (10 -13) . The expression of miR-222, one of the most studied miRNAs, increases with the progression of liver fibrosis, and this significantly correlates with the expression of collagen 1a1 (Col1A1) and smooth muscle ␣-actin (␣-SMA) mRNA during liver fibrosis (7) . It is known that nuclear factor B can regulate the expression of miR-222, but whether there is another regulatory mechanism for this miRNA has yet to be elucidated. lncRNAs of between 200 bp and 100 kb in length play a crucial role in the regulation of gene expression by affecting chromatin modification, transcription, or post-transcriptional processing (14 -16) . Growth arrest-specific transcript 5 (GAS5) was initially isolated from mouse NIH 3T3 cells using subtraction hybridization (17) . GAS5 is thought to play a role in the progression of some types of cancer and has been shown to be down-regulated in breast cancer and gastric cancer (18, 19) . It is therefore a therapeutic target for gastric cancer and has been proposed as a potential biomarker for poor prognosis (19) . GAS5 has also been shown to promote the apoptosis of prostate cancer cells, and decreased expression of GAS5 may lower the effectiveness of chemotherapeutic drugs in prostate cancer patients (20, 21) . GAS5 expression is both essential and sufficient for normal growth arrest in T cell lines and human peripheral blood T cells (22) . However, the role of GAS5 in liver fibrosis remains elusive. There is evidence that some lncRNAs can function as competing endogenous RNAs (ceRNAs) for miR-NAs (23, 24) . Whether GAS5 can act as a ceRNA for miR-222 in mouse liver fibrosis needs to be addressed.
In this study, we showed that the expression of GAS5 is down-regulated in fibrotic liver tissues and in activated HSCs. Importantly, overexpression of GAS5 alleviated the activation of primary HSCs in vitro and reduced the accumulation of collagen in vivo. In addition, we discovered that GAS5 increases the level of p27 protein by functioning as a ceRNA for miR-222, thereby inhibiting the activation and proliferation of HSCs.
Experimental Procedures

Carbon Tetrachloride (CCl 4 ) Liver Injury Model-Eight-
week-old male C57BL/6J mice were given a biweekly intraperitoneal dose of a 10% solution of CCl 4 (Sigma-Aldrich) in olive oil (7 l/g/mouse) for 8 weeks. Control mice were treated intraperitoneally with the same volume of olive oil at the same time intervals. Sprague-Dawley (180 -220 g) rats were injected intraperitoneally with a 0.5 ml/kg mixture of CCl 4 and olive oil (1:1 (v/v)) twice a week for 8 weeks. Bile duct ligation was performed as described previously (25) . Briefly, mice or rats were anesthetized with isoflurane, and the abdomen was opened by a midline incision. The common bile duct was identified and cut between ligatures of non-resorbable thread. Sham-operated mice or rats were used as the control. Partial livers were fixed, embedded in paraffin, and processed for histology. Partial liver samples were stained by H&E staining, Masson staining, and Sirius Red staining. The Masson stain-positive areas were analyzed in sections from all mice (at least 10 independent fields from each section) by histomorphometry using Olympus Cell (Olympus Soft Imaging Solutions GmbH, Münster, Germany) and ImageJ software, respectively. The other liver tissues were immediately snap frozen in liquid nitrogen and stored at Ϫ80°C for later analysis. Experiments were conducted in accordance with the principles outlined in the Animal Experimentation Ethics Committee Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Fudan University.
Human Specimens-Twenty patients with liver cirrhosis and 15 control patients were enrolled for the study from patients undergoing partial liver resection or liver biopsy in the First Affiliated Hospital of Wenzhou Medical University and Ningbo Yinzhou Second Hospital. Informed consent was obtained from all patients. This study was performed in accordance with the Helsinki Declaration of 1975 (2008 revision) and approved by the Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University and Ningbo Yinzhou Second Hospital Ethics Committee. The characteristics of the patients are listed in Table 1 .
Isolation of Primary HSCs-Liver was sequentially in situ perfused with EGTA, Pronase, and collagenase NB4G at 37°C for 30 min. After centrifugation of the resulting cell suspension at 25 ϫ g for 5 min, the supernatant was collected and further centrifuged at 400 ϫ g for 10 min. HSCs were isolated from non-parenchymal cells using density gradient centrifugation (OptiPrep, Axis-Shield PoC AS, Oslo, Norway) at 1400 ϫ g for 20 min. HSCs were maintained in DMEM containing 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. The cells were incubated at 37°C with 5% CO 2 , and culture medium was replaced every 48 h unless otherwise stated.
Overexpression of GAS5 in Vitro and in Vivo-HSCs were transduced with lentiviral vector expressing GAS5 (Lenti-GAS5) or empty vector (Lenti-NC) (Shanghai Shinegene Molecular Biotechnology Co., Ltd., Shanghai, China). HSCs were transduced by Lenti-GAS5 at a multiplicity of infection (m.o.i.) of 10, 20, 40, 60, 80, and 100, respectively. After 48 h, the optimal m.o.i. was 60 according to transfection efficiency. Therefore, the next experiments were conducted using am m.o.i. of 60 unless otherwise indicated. In a dose dependence experiment, HSCs were transduced by Lenti-GAS5 at an m.o.i. of 20, 40, and 60, respectively. The miRNA negative control Etiology (n (%)) Alcoholic 1 (5) HBV 18 (90) HCV 1 (5) (miR-NC), miRNA mimics, or miRNA inhibitors (Shanghai GenePharma Co., Ltd., Shanghai, China) were transfected using Lipofectamine 2000 reagent (Life Technologies) following the manufacturers' protocols. After 48 h, cells were harvested for further analysis. Twenty-four mice were randomly divided into four groups as follows: olive oil (control; n ϭ 6), model (CCl 4 ; n ϭ 6), CCl 4 combined with Lenti-NC (Lenti-NC; n ϭ 6), and CCl 4 combined with Lenti-GAS5 (Lenti-GAS5; n ϭ 6). Lenti-GAS5 (1 ϫ 10 9 transducing units/100 l) or Lenti-NC was injected once 1 day before CCl 4 injection via the tail vein. These mice were euthanized 4 weeks after CCl 4 treatment.
RNAi Assay-RNA interference experiments were performed following the manufacturer's protocols. p27 siRNA1 (sense, 5Ј-CGAGUCAGCGCAAGUGGAdTdT-3Ј; antisense, 5Ј-UCCACUUGCGCUGACUCGCdTdT-3Ј), p27 siRNA2 (sense, 5Ј-AGCAUUGGAUGUAGCAUUGdTdT-3Ј; antisense, 5Ј-CAAUGCUACAUCCAAUGCUdTdT-3Ј), p27 siRNA3 (sense, 5Ј-CAGCUCCGAAUUAAGAAUAdTdT-3Ј; antisense, 5Ј-UAUUCUUAAUUCGGAGCUGdTdT-3Ј), and scrambled siRNA (negative control) were designed and synthesized by Shanghai GenePharma Co., Ltd. The siRNAs were transfected into cells using Lipofectamine 2000.
Cell Proliferation Assay-Cell proliferation was measured as active DNA synthesis using the Click-iT ethynyl deoxyuridine (EdU) cell proliferation assay kit (Life Technologies). Freshly isolated mouse HSCs were plated in the presence of PDGF-bb (20 ng/ml; Prospec, Ness-Ziona, Israel). About 48 h after EdU labeling, cells were formalin-fixed. Visualization of EdU incorporation was performed according to the manufacturer's instructions. The ratio of EdU-incorporated cells to total cells was calculated.
Luciferase Activity Assay-The interaction between GAS5 or the p27 3Ј-UTR with miR-222 was analyzed as described previously (26) . Approximately 400-bp fragments including the putative target region were obtained by PCR. To analyze the interaction between GAS5 and miR-222, the following oligonucleotides were used: forward, 5Ј-GCTCTAGAGCGGAGGGG-CATGACTAGAACA-3Ј, and reverse, 5Ј-CGAGCTCGGTG-GCACTGTCCTTTCAACC-3Ј. To analyze the interaction between the p27 3Ј-UTR and miR-222, the following oligonucleotides were used: forward, 5Ј-GCTCTAGAGCTGTTAC-TCTAGTGTCTTCTCCCT-3Ј, and reverse, 5Ј-CGAGCTCG-TGACTCCTCAGCCCCACC-3Ј. To generate mutated constructs, approximately 400-bp fragments including the mutated target region were synthesized by Shanghai GenePharma Co., Ltd. These constructs were subcloned into pmirGLO plasmids (Promega, Madison, WI) following the manufacturer's instructions. The resulting plasmids were named pmirGLO-GAS5, pmirGLO-GAS5-mut, pmirGLO-p27, and pmirGLO-p27-mut. Empty vector pmirGLO, lacking the inserts, was used as a negative control. The 293T cells were cultured in 24-well plates and transfected with pmirGLO-GAS5 or pmirGLO-p27 together with miR-222 mimics or miR-NC. Lipofectamine 2000 reagent was used for the transfection. About 48 h after transfection, the Dual-Glo Luciferase Assay System (Promega) was used to analyze luciferase expression according to the manufacturer's instructions.
Pulldown Assay with Biotinylated miR-222 (Bio-miR-222)-Biotin pulldown was performed as previously described (27) . Briefly, after 48 h of primary activated HSCs transfected with Bio-miR-222-WT, Bio-miR-222-mut, or Bio-miRNA negative control (Bio-miR-NC), they were washed with PBS followed by incubation in a lysis buffer for 10 min. To exclude RNA and protein complexes, the beads were blocked in lysis buffer including RNase-free bovine serum albumin (BSA) and yeast tRNA (Sigma). After the lysates were incubated with streptavidin-coated magnetic beads (Life Technologies) at 4°C for 4 h, they were washed twice with lysis buffer, three times with a low salt buffer, and once with a high salt buffer. The bound RNAs were isolated using TRIzol reagent (Life Technologies). GAS5 expression was determined by quantitative real time PCR (qRT-PCR).
Immunofluorescence and Immunohistochemistry-Cells were sequentially fixed with 4% paraformaldehyde, permeabilized in 0.3% Triton X-100 (Sigma), blocked with 5% BSA, and then incubated with mouse ␣-SMA antibody (ab7817, Abcam, Cambridge, MA) overnight at 4°C. Antibody binding was visualized using Alexa Fluor 568-labeled rabbit anti-mouse IgG (A-11061, Life Technologies). Images were taken using a Carl Zeiss LSM710 confocal microscope (Carl Zeiss AG, Jena, Germany). Liver tissues were sequentially fixed in 10% formalin solution, embedded in paraffin, and sectioned. Slides were sequentially dewaxed, dehydrated, and subjected to antigen retrieval. The sections were then treated with 0.3% hydrogen peroxide. After blocking with BSA, the sections were incubated with primary antibody against ␣-SMA (Abcam) overnight at 4°C and then biotinylated secondary antibody for 60 min at room temperature. 3,3Ј-Diaminobenzidine staining was performed to visualize ␣-SMA expression. The expression of ␣-SMA protein was analyzed by histomorphometry using Olympus Cell. A minimum of 15 fields per sample was quantified.
Hepatic Hydroxyproline Assay-Hepatic collagen was analyzed according to the manufacturer's protocols. Briefly, after liver samples were hydrolyzed with HCl at 110°C for 16 h, the supernatants were sequentially evaporated by a vacuum concentrator, dissolved in distilled water, filtered, and treated with chloramine T/citrate-acetate buffer. Then samples were incubated with Ehrlich's reagent. Samples were detected at 561 nm, and the liver hydroxyproline content was analyzed using the Hydroxyproline Colorimetric Assay kit (Sigma).
qRT-PCR-Total RNA was extracted from cells or liver tissues using TRIzol reagent (Life Technologies). To detect GAS5 expression, complementary DNA (cDNA) was generated with random primers. Cytoplasmic and nuclear GAS5 was isolated from HSCs using cytoplasmic and nuclear RNA purification kits (Norgen, Thorold, Canada) as detailed previously (28) . Briefly, cells were incubated with lysis buffer and then centrifuged. The supernatant and pellet were mixed with 1.6 mol/liter sucrose solution and layered on the top of two sucrose solutions in two respective tubes. After both fractions were centrifuged, the cytoplasmic fraction and the nuclear pellet were collected and purified according to the manufacturer's instructions. GAPDH was used as an internal control for validation of the nuclear and cytoplasmic RNA results. To detect mRNA expres-sion, the cDNA was reverse transcribed using the Prime-Script TM 1st Strand cDNA Synthesis kit (TaKaRa Biotechnology, Dalian, China) according to the manufacturer's instructions. To detect miRNA expression, total RNA was extracted using an miRNeasy Mini kit (Qiagen, Valencia, CA) in accordance with the manufacturer's instructions. Gene expression was determined by RT-PCR using cDNA, KAPA SYBR FAST qPCR kit Universal Master Mix (2ϫ) (KapaBiosystems, Boston, MA), and a set of gene-specific primers. The primer sequences are shown in Table 2 . All procedures were performed using the 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). The GAPDH and U6 small nuclear RNA levels were used to normalize the relative abundance of mRNAs and miRNAs, respectively. Relative gene expression was calculated using the 2 Ϫ⌬⌬Ct method. To detect the absolute amounts of GAS5 and miR-222, absolute quantifi-cation by qRT-PCR was performed as described previously (29) . Briefly, GAS5-expressing vector and reverse transcribed miR-222 cDNA were used as standard templates to establish standard curves with limit dilution methods. The exact number of gene copies of GAS5 and miR-222 per cell were calculated using their molecular weights and cell counts.
Western Blot Analysis-Total proteins were prepared by standard procedures and quantified using a bicinchoninic acid protein assay kit (Beyotime Biotechnology, Jiangsu, China). Protein was loaded onto an SDS-polyacrylamide gel. After electrophoresis, the protein was transferred onto a PVDF membrane (Millipore, Billerica, MA). The membrane was incubated with primary antibodies overnight at 4°C and then with secondary IRDye800-conjugated goat anti-mouse IgG or goat anti-rabbit IgG at 37°C for 1 h. The antibodies are listed in Table 3 . Antibody binding was detected using an Odyssey infrared scanner (LI-COR Biosciences Inc., Lincoln, NE).
Statistical Analysis-The experimental data were evaluated by calculating the mean Ϯ S.D. Differences between multiple groups were evaluated using one-way analysis of variance. Differences between two groups were compared using a Student's t test. The significance level was set at p Ͻ 0.05 with p Ͻ 0.01 indicating a strongly significant difference. All statistical analyses were calculated using SPSS 13.0 (IBM, Armonk, NY).
Results
GAS5 Is Down-regulated in Liver Fibrosis and in Activated
HSCs-To determine whether GAS5 expression is altered during liver fibrosis, the degree of liver fibrosis was evaluated by staining with Sirius Red (Fig. 1A) . qRT-PCR results demonstrated that the levels of Col1A1 and ␣-SMA in CCl 4 mice were increased compared with those in control mice (Fig. 1F ). However, GAS5 expression was down-regulated in CCl 4 mice (Fig.  1G ). The reduction of GAS5 during fibrosis progression was also observed in another mouse liver fibrosis model of bile duct ligation ( Fig. 1, B and H) . Interestingly, the decrease in GAS5 in liver fibrosis was not limited to mice. Our results indicated that the level of GAS5 was also reduced in two kinds of Sprague-Dawley rat liver fibrosis models ( Fig. 1, C, D , I, and J) and human cirrhotic liver tissues (Fig. 1, E and K) . The results obtained suggested that the reduction of GAS5 is a common phenomenon during tissue repair in different species.
Based on the data obtained from fibrotic liver tissues, we inferred that HSCs may account for the reduction in GAS5. Primary HSCs isolated from normal male C57BL/6J mice that mimicked the in vivo activation process were cultured. Our results indicated that the mRNA expression of Col1A1 and ␣-SMA was increased by 6.9-and 9.7-fold, respectively, at day 10 relative to day 2 (Fig. 1L) . By contrast, GAS5 expression at NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 day 10 was decreased by 65% compared with that at day 2 (Fig.  1M ). In addition, we further analyzed the level of GAS5 in isolated HSCs from mice after 8-week CCl 4 treatment. In comparison with oil-treated mice, the level of GAS5 was remarkably decreased in isolated HSCs from CCl 4 -treated mice (Fig. 1N) . These results indicated that the reduction of GAS5 expression is related to HSC activation during the progression of liver fibrosis. GAS5 Inhibits the Activation of HSCs in Vitro-Next, we investigated the effect of GAS5 on the activation of HSCs. Compared with the control, primary HSCs transduced with Lenti-GAS5 showed decreased mRNA levels of Col1A1 and ␣-SMA ( Fig. 2A) . The protein levels of type I collagen and ␣-SMA were also markedly decreased by Lenti-GAS5 transduction (Fig. 2, B and C). Immunocytochemical analysis of ␣-SMA protein (as a marker of activated HSCs) validated the reduced levels of red fluorescence and actin fibers (Fig. 2D) . These results demonstrated that GAS5 can inhibit the activation of HSCs.
GAS5/miR-222/p27 Axis and Liver Fibrosis
GAS5 Functions as a Potential Liver Fibrosis Suppressor in Vivo-To better understand the role of GAS5 in the progression of liver fibrosis, Lenti-GAS5 was intravenously injected into mice 1 day before the first injection of CCl 4 . After 4 weeks of CCl 4 treatment, delivery of Lenti-GAS5 effectively increased the expression of GAS5 compared with the CCl 4 group (Fig.  3A) . Quantification of liver hydroxyproline content indicated the reduction of liver fibrosis in Lenti-GAS5-treated mice (Fig.  3B ). In addition, overexpression of GAS5 resulted in lower mRNA and protein expression of Col1A1 and ␣-SMA compared with the CCl 4 group (Fig. 3, C and D) . The increased expression of GAS5 also reduced the accumulation of collagen as measured by Masson staining (Fig. 3, E and G) . Immunohistochemistry results indicated that the expression of ␣-SMA in Lenti-GAS5-treated mice was reduced compared with the CCl 4 group (Fig. 3, F and H) . Taken together, these results demonstrated that the progression of liver fibrosis can be inhibited by GAS5 overexpression in vivo.
GAS5 Is a Target of miR-222-Bioinformatics analysis (RNA22) for miRNA recognition sequences on GAS5 revealed the presence of a putative miR-222 site (Fig. 4D ). The potential relationship between GAS5 and miR-222 was examined in fibrotic and normal liver tissues. As shown in Fig. 4A , the expression of miR-222 was up-regulated in liver fibrosis. In addition, the expression of miR-222 was increased in HSCs at day 10 compared with day 2 (Fig. 4B ). Then we further investigated the possible role of miR-222 in the deregulation of GAS5. Compared with the control, miR-222 mimics down-regulated the expression of GAS5 (Fig. 4C ). To validate whether miR-222 directly inhibits GAS5 expression and whether this inhibition operates via the putative miR-222 binding site, the GAS5 target region was cloned into the pmirGLO plasmid. The construct was transfected into 293T cells alongside miR-222 mimics and an miR-NC. In pmirGLO-GAS5, luciferase expression was reduced by 54% with the miR-222 mimics relative to the miR-NC (Fig. 4E) . In pmirGLO-GAS5-mut, miR-222 mimics resulted in no inhibition of luciferase activity compared with the miR-NC. To summarize, miR-222 decreased the expression of GAS5 through the miR-222 binding site.
Next we investigated whether other up-regulated miRNAs in liver fibrosis can also inhibit the level of GAS5. Prior studies (30 -33) indicate that miR-21, miR-221, miR-199a, miR-200b, and miR-181b are the five most common up-regulated miRNAs in liver fibrosis. Bioinformatics analysis demonstrated that GAS5 was not the target of the above miRNAs (data not shown). Then we transfected the above miRNAs into HSCs using Lipofectamine 2000. As expected, miR-21, miR-221, miR-199a, miR-200b, and miR-181b did not suppress the level of GAS5 compared with the control (Fig. 4, F, G, H, I, and J) .
To further confirm the interaction between miR-222 and GAS5, we applied a Bio-miR-222 pulldown assay to detect whether miR-222 can pull down GAS5. Our results indicated that Bio-miR-222 could pull down GAS5 compared with the Bio-miR-NC. However, Bio-miR-222-mut resulted in the inability to pull down GAS5 because mutations disrupted their base pairing (Fig. 4, K and L) , indicating that there is a direct interaction between miR-222 and GAS5. Taken together, our data indicated that miR-222 is able to directly bind to GAS5.
GAS5 Controls miR-222 and Its Target-miRNAs can target lncRNAs as well as protein-coding genes (13, 34) . Among the many predicted targets of miR-222, we focused on p27, a key inhibitor of the cell cycle, that may decrease activation and proliferation of HSCs. Our results showed that luciferase activity of pmirGLO-p27 was inhibited by miR-222 mimics, whereas luciferase activity of pmirGLO-p27-mut was not decreased (Fig. 5, A and B) . These findings indicated that p27 is a target of miR-222, confirming the previous reports (7, 35) .
Because miR-222 can regulate GAS5, we deduced that GAS5 may also mediate miR-222 and its target in the same way. As shown in Fig. 5C , overexpression of GAS5 reduced the expression of miR-222 compared with the control. The effect of GAS5 on the expression of p27 protein was then investigated (as shown in Fig. 5, D and E) . Cells were transfected with Lenti-GAS5 only, Lenti-GAS5 and miR-222 mimics, or Lenti-GAS5 and miR-222 inhibitor. Our results indicated that the level of p27 protein in Lenti-GAS5-transduced cells was increased compared with control cells. Compared with Lenti-GAS5 alone, cells transfected with miR-222 mimics showed decreased levels of p27 protein, whereas cells transfected with miR-222 inhibitor showed increased levels of p27 protein. These data indicated the existence of specific cross-talk between GAS5 and p27 through competition for miR-222 binding.
Next we further validated whether GAS5 can serve as a ceRNA. Han et al. (36) indicated that the ceRNA network occurs preferentially in the cytoplasm. Therefore, we examined the subcellular location of GAS5 in activated HSCs by qRT-PCR. Given that pri-miRNA is located in the nucleus and mature miRNA is located in the cytoplasm, we determined the NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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purity of the cytoplasmic and nuclear fractions obtained through detection of pri-miR-222 and miR-222. Our results revealed that the level of pri-miR-222 in the cytoplasm was about 2.3% of that in the nucleus. In contrast, the level of miR-222 in the nucleus was about 2.1% of that in the cytoplasm (Fig.  5F ). Then we analyzed the expression of GAS5 in the highly purified cytoplasmic and nuclear fractions. Our results indicated that the expression of GAS5 in the cytoplasm was higher than that in the nucleus (Fig. 5G ) in line with previous reports (34, 37, 38) . If GAS5 indeed acts as a ceRNA, then it should regulate the expression of miR-222 at the post-transcriptional level. Then we examined the effect of GAS5 on the level of pri-miR-222. As expected, overexpression of GAS5 had no effect on the level of pri-miR-222 ( Fig. 5H) . Additionally, Wang et al. (29) showed that the abundance of lncRNA must be comparable with or higher than miRNA if lncRNA serves as a ceRNA. Accordingly, we investigated the copy numbers of GAS5 and miR-222 per cell. As shown in Fig. 5I , in 2-day-old HSCs, miR-222 expression was about nine copies per cell, whereas GAS5 expression was 473 copies per cell. In 10-day-old HSCs, miR-222 expression was increased to 138 copies per cell, whereas GAS5 expression was reduced to 189 copies per cell. However, GAS5 expression was still higher than miR-222 expression. Our results provided further evidence that GAS5 may become a ceRNA for miR-222. Finally, it is reasonable that the relative concentration of GAS5 will affect expression of the NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 28293 target protein. As indicated in Fig. 5J , at the same concentration of miR-222 mimics, there was a gradual increase in the level of p27 protein as we increased the dose of GAS5 from 20 m.o.i. to 60 m.o.i., revealing that the elevated effect of GAS5 on the level of p27 protein exhibits a dose-dependent relationship. In summary, these data indicated that GAS5, by binding to miR-222, influences the level of p27 protein.
GAS5/miR-222/p27 Axis and Liver Fibrosis
GAS5 Inhibits Activation and Proliferation of HSCs through
Regulation of miR-222 and p27-We successfully constructed p27 siRNAs. Of these, p27 siRNA1 exhibited the strongest inhibitory effect on p27 mRNA expression and was therefore selected for further experiments (Fig. 6A ). We demonstrated that miR-222 inhibitor suppressed the expression of ␣-SMA protein, and this suppression was attenuated by p27 siRNA1 (Fig. 6B ). We then investigated whether miR-222 and p27 are involved in the inhibition of HSC activation by Lenti-GAS5. Our results indicated that the decreased ␣-SMA level observed during GAS5 overexpression was reversed in the presence of p27 siRNA1, miR-222 mimics, or p27 siRNA1 in combination with miR-222 mimics (Fig. 6C ). Next, we explored whether miR-222 and p27 are required for the inhibition of cell proliferation by Lenti-GAS5 by an EdU incorporation assay using primary HSCs. In the presence of PDGF-bb, the EdU assay showed that overexpression of GAS5 induced a remarkable decrease in HSC proliferation. This phenotype was partially rescued by the addition of p27 siRNA1, miR-222 mimics, or p27 siRNA1 combined with miR-222 mimics (Fig. 6D ). Thus, we concluded that GAS5 inhibits the activation and proliferation of primary HSCs through regulation of miR-222 and p27.
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Discussion
In this study, we confirmed that the level of miR-222 is elevated in liver fibrosis and that miR-222 inhibitor can impede the activation of HSCs, which is consistent with a previous report (7) . However, here we propose a new notion that miR-222 targets not only protein-coding gene p27 but also lncRNAs such as GAS5. Traditionally, miRNAs play a pivotal role in gene regulation mainly by targeting abundant protein-coding genes. Our results expand the repertoire of miRNA targets, implying that miRNAs can also perform their function by targeting lncRNAs. It has been reported that GAS5 and miR-21 can inhibit each other in human breast cancer (34) . In human osteoarthritis, GAS5 can contribute to the pathogenesis of osteoarthritis by serving as a negative mediator of miR-21 (39) . However, bioinformatics analysis and our experimental results revealed that GAS5 is not the target of miR-21 in mice. Accordingly, GAS5 maybe perform its function through another regulatory mechanism in mice. Our results indicated that GAS5 expression is decreased in mouse liver fibrosis samples, which exhibited the opposite direction of miR-222 expression. Interestingly, miR-222 could inhibit the expression of GAS5, and GAS5 could also suppress the expression of miR-222, thus forming a reciprocal repression regulatory loop (Fig. 7) . Our findings laid a theoretical foundation for further analysis of a potential ceRNA regulatory network.
Recently, numerous studies have indicated that GAS5 is down-regulated during cancer (19, 22, 40, 41) . Similarly, our results showed that GAS5 expression is decreased in mouse liver fibrosis and in activated HSCs. Reduced GAS5 levels were also found in rat and human liver fibrosis. Unlike miRNAs, lncRNAs show little homology between different species. However, our results appear to indicate that the functions of GAS5 are conserved.
It has been reported that GAS5 functions as a tumor suppressor (21, 42) . In our study, overexpression of GAS5 significantly lowered the mRNA and protein levels of Col1A1 and ␣-SMA. The increased expression of GAS5 through lentivirus-mediated transduction reduced the accumulation of collagen in the liver tissues. These data suggested that GAS5 plays a pivotal role in liver fibrogenesis. To our knowledge, this is the first report to identify GAS5 as a suppressive factor in liver fibrosis.
Recent data suggest that coding genes and non-coding RNAs can regulate each other through their competition for miRNA binding (23, 43) . These RNAs, which sequester miRNAs, thereby releasing their target RNAs, have been defined as ceRNAs (44) . Based on the ceRNA hypothesis, lncRNAs may exert their influence on the targets through serving as decoys for miRNAs (27, 44, 45) . In this study, we showed that GAS5 can bind to miR-222 using the luciferase reporter assay and pulldown assay.
The copy numbers of GAS5 per cell are higher than those of miR-222. Additionally, miR-222 was post-transcriptionally regulated by GAS5, which was mainly localized in the cytoplasm. These findings support that GAS5 can act as a ceRNA. Among the many different putative targets for miR-222, we investigated the p27 protein further because of its critical role in liver fibrosis. In line with the ceRNA hypothesis, our results showed that overexpression of GAS5 elevated the level of p27 protein. The level of p27 protein gradually increased with increasing levels of GAS5. In addition, the increased level of p27 protein could be inhibited by miR-222 mimics and reinforced by miR-222 inhibitor. These results revealed the direct competition for miR-222 binding between GAS5 and p27. Taken together, our results showed that lncRNAs can act as mediators of gene expression through miRNA binding.
Protein p27 has been proposed as a critical determinant of tumor aggressiveness (46) . Reduced levels of p27 have been linked with poor prognosis in tumor patients (47) . Li et al. (48) reported that p27 silencing significantly attenuates the suppressive effect of arctigenin on the proliferation of HSCs. In this study, our results revealed that decreased cell activation and proliferation by GAS5 overexpression were partially rescued by FIGURE 6. Overexpression of GAS5 inhibits activation and proliferation of HSCs in vitro. A, the silencing effect of p27 siRNAs was evaluated by qRT-PCR. B, decreased ␣-SMA protein levels by miR-222 inhibitor were ameliorated by p27 siRNA1. Western blot analysis was conducted three times with similar results. C, reduction of ␣-SMA protein by GAS5 overexpression was alleviated by miR-222 mimics and/or p27 siRNA1. Western blot analysis was conducted three times with similar results. D, inhibition of HSC proliferation by GAS5 overexpression was alleviated by miR-222 mimics and/or p27 siRNA1 as determined by an EdU incorporation assay. The data are expressed as the means Ϯ S.D. (error bars) of at least three independent experiments. #, p Ͻ 0.05; ** and ##, p Ͻ 0.01. Ctrl, control. 
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miR-222 mimics, p27 siRNA1, or p27 siRNA1 in combination with miR-222 mimics. We conclude that GAS5 increases the level of p27 protein through miR-222 binding, thereby inhibiting the activation and proliferation of HSCs (Fig. 7) .
There are some limitations in this study. Lenti-GAS5 was not HSC-specific. The lentivirus vector may target hepatocytes and HSCs simultaneously. Therefore, the antifibrotic effects of Lenti-GAS5 may be caused by these two types of cells. In addition, because the partial rescue of GAS5 overexpression was fulfilled by miR-222 mimics and/or p27 siRNA1, whether there are other factors involved is still unclear, and further studies are warranted.
Collectively, our findings indicate GAS5 as a crucial regulator in liver fibrogenesis by functioning as a ceRNA. A better understanding of the miRNA-lncRNA interaction and the regulatory mechanisms involved may lead to novel therapeutic targets for liver fibrosis.
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